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Abstract

The recent advances in infrared sensing technology has made it possible to use infrared
sensors to support environmental observations, surveillance, threat detection, tracking, and
target identification. For ballistic missile defence (BMD) related applications, the most
important detector requirements are: high sensitivity, high uniformity, large format, and
multicolor capabilities. Quantum well infrared photodetector (QWlP) is a relatively new
candidate technology for BMD applications. It has become one of the most promising near-
term infrared technologies to meet mid-course detection requirements because of its
wavelength flexibility in mid-infrared, far-infrared, and very far-infrared regions, as well as
multicolor capabilities. Canadian QWIP technology is based on monolithic integration of
quantum well infrared photodetector with a light emitting diode (QWIP-LED), and was
pioneered by Dr. H.C. Liu of Institute for Microstructural Sciences, National Research
Council of Canada. The goal of the present program is to realize a lxl cm two-color QWIP-
LED imaging device by March 2001 and, eventually, to develop a very large format (up to
4x4 cm ) prototype imaging camera.

The success of the QWIP-LED depends critically on the extent of spatial lateral
spreading of both photocurrent generated in the QWIP and near infrared photons emitted by
the LED as they escape from the QWIP-LED layers. According to a LED model proposed by
Schnitzer et al., there appears to be a trade-off between a high LED external quantum
efficiency and a small photon lateral spread, the former being a necessary condition for
achieving high detector sensitivity. The model predicts that as much as 25 reincarnations of
the originally emitted NIR photons (as they spread laterally within the QWIP-LED) are
required for most of the LED emitted light to escape. This lateral spreading due to multiple
reflections and reincarnations of the NIR photons could potentially degrade the image quality
or resolution of the QWIP-LED device. By adapting Schnitzer's model to the QWIP-LED
structure, we have identified device parameters that could potentially influence the NIR
photon lateral spread and the LED external efficiency. To achieve a high LED external
efficiency we have found that the thickness of the LED active layer had to be significantly
increased. Also, any additional absorption by anti-reflective coatings could have detrimental
effects on the LED external efficiency. In addition, we have developed a simple sequential
model to estimate the crosstalk between the incoming far (or mid) infrared image and the up-
converted near infrared image. We found that the thickness of the LED is an important
parameter that needs to be optimized in order to maximize the external efficiency and to
minimize the crosstalk. A 6000 A thick LED active layer should give a resolution of -30 ptm
and an external efficiency of 10 to 15%.
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Resume

Les r6cents d~veloppements dans la technologie des senseurs ý infrarouge ont rendu
possible son utilisation dans les domaines de l'observation environnementale, de la
surveillance, de la detection de menaces, de la poursuite, et de l'identification de cibles. Pour
les applications reli~es A la defense contre les missiles balistiques (BMD), les principales
exigences pour le d~tecteur sont :une grande sensibilit6, une grande uniformit6, un format
large, et des capacit~s multicolores. Le photod~tecteur infrarouge A puits quantique (QWIP)
est une technologie candidate relativement nouvelle pour les applications BMD. Cette
technologie infrarouge est la plus prometteuse A court terme pour rencontrer les besoins de
d6tection en mi-course A cause de sa flexibilit6 de Iongueur d'onde dans les regions de
l'infrarouge moyen (MIR), de l'infrarouge lointain (FIR), et de l'infrarouge tr~s lointain
(VFIR), ainsi que de ses capacit~s multicolores. La technologie QWIP canadienne est bas~e
sur l'int~gration monolithique du photod~tecteur infrarouge A puits quantique avec une diode
6lectroluminescente (QWIP-LED). Cette technologie fut initi~e par le Dr H.C. Liu, de
l'Institut des sciences des microstructures du Conseil national de recherches du Canada. Le
but du programme est pr~sentement de r~aliser un dispositif de formation d'images QWIP-

2LED deux couleurs de 1x1 cm , d'ici mars 2001, et 6ventuellement de d~velopper un
prototype de tr~s grand format (jusqu'd 4x4 cm 2).

Le succ~s du QWIP-LED depend essentiellement de 1'6tendue de la dispersion lat~rale
spatiale du courant photo6lectrique g~n&r6 par le QWIP et des photons dans le proche
infrarouge 6mis par le LED Iorsqu'ils s'6chappent des couches du QWIP-LED. Un mod~le
de LED propos& par Schnitzer et al. off re un compromis entre la grande efficacit6 quantique
externe du LED et la faible dispersion lat~rale des photons, la premiere caract~ristique 6tant
n~cessaire pour assurer au d~tecteur sa grande sensibilit6. Le mod~le pr6dit que jusqu'A 25
r~incarnations des photons dans le proche infrarouge 6mis A l'origine (car ils se dispersent
lat~ralement a l'int~rieur du QWIP-LED) pour que la majeure partie de la lumi~re du LED
puisse s'6chapper. Cette dispersion lat&rale caus~e par les multiples rfflexions et
r~incamations des photons dans le proche infrarouge risque de nuire A la qualit6 et A la
resolution d'image du dispositif QWIP-LED. En adaptant le mod~Ie de Schnitzer A la
structure du QWIP-LED, nous avons pu determiner les param~tres du dispositif susceptibles
d'influer sur ]a dispersion lat~rale des photons dans le proche infrarouge et l'efficacit6
extemne du LED. Pour assurer la grande efficacit6 externe du LED, nous avons d6couvert que
1'6paisseur de la couche active du LED devait 6tre beaucoup augment~e. De plus, toute
absorption suppl~mentaire par les couches antir~fl~chissantes (AR) risque de nuire A
1'efficacit& externe du LED. Nous avons, en outre, conqu un mod~le s~quentiel simple afin
d'6valuer la diaphonie entre l'image dans l'infrarouge lointain (ou interm~diaire) qui est
reque et ]'image dans le proche infrarouge convertie a ]a fr~quence sup&rieure. Nous avons
trouv6 que 1'6paisseur du LED est un pararntre important qu'il faut optimiser pour
maximiser 1'efficacit6 externe et minimiser la diaphonie. Un LED dot6 d'une 6paisse couche
active de 6000 A devrait offrir une resolution de -30 ýLrn et une efficacit6 de 10 d 15 %.



Executive Summary

The success of the Quantum Well Infrared Photodetector integrated with a Light Emitting
Diode (QWIP-LED) depends on the extent of spatial lateral spreading of both photocurrent
generated in the QWIP and near infrared photons emitted by the LED as they escape from the
QWIP-LED layers. In order to model the behavior of the NIR photons in the QWIP-LED
layers, we have adapted Schnitzer's LED model for our QWIP-LED structure and have
derived an expression for the QWIP-LED external efficiency. We calculated the external
efficiency Tlext,fiberbundle and the image resolution as a function of the absorption a•,d0 in the
LED active layer and the parasitic absorption cidi in the contact layers, for a QWIP-LED
bonded to a fiber optics faceplate. Several scenarios have been considered:

For an ideal transmissive QWIP-LED - with a 100% internal efficiency, a 6000 A thick
active layer, a 1% contact absorption, and perfect coatings - we could achieve an external
efficiency of about 17%. The crosstalk would be about 30 lim, which is the maximum we can
afford (since the pseudo pixel size will be about 30 im). The thickness of the LED active
layer was shown to play a major role in reducing the crosstalk. However, the diffusion length
of the carriers in the LED (ginm range) limits the maximum LED thickeness to -6000 A.

When the LED active layer is thin (200-1000 A), the average absorption coefficient of
the LED axo'=aod 0/e is smaller than (l/pe)cfdi. As a result the external efficiency is strongly
reduced. Moreover, the mean distance between re-incarnations events (which scales with
1/V0 ') is very large and the crosstalk can be as bad as few hundreds of microns.

The effect of absorbing coatings was shown to be detrimental to achieving a high external
efficiency. It does however reduce the crosstalk, but only at the expense of the external
efficiency.

Our calculations have shown that if the coatings were not absorbing, even a 70%
transmissive top coating and a 70% reflective bottom coating would have negligible effects
on the external efficiency compared to the perfect coating case. We got a slightly reduced
effective escape probability but the overall effect was almost negligible.

Finally, using a more pessimistic value of 95% for the internal efficiency and 80% R and
T' coatings and assuming again non-absorbing top and bottom coatings, we found that the
external efficiency was significantly reduced down to -10 % level. This shows how sensitive
the overall device performance is to the internal efficiency of the LED. With additional
losses in the coatings, the external yield quickly drops to only a few %.

These results clearly indicate we will have to seriously consider bonding the QWIP-LED
directly onto a CCD chip. Since the index of refraction of the CCD is very close to that of the
LED, the escape cone will be significantly wider (~1400), allowing as much as 75-80% of the
NIR light to escape at each emission event. This will not only drastically improve the
external efficiency (up to 70-80%) but also will considerably reduce the crosstalk.
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1. Introduction

Infrared sensors find applications in all phases of ballistic missile defence (BMD).
These include surveillance, threat detection, tracking, identification, discrimination,
targeting and interception1 . Airborne surveillance sensors used for tactical applications
typically observe warm targets with high background irradiance from the heated windows,
scattered sunlight, and the earth's surface. Such applications require accurate measurement
and substraction of background irradiance to detect the target's signal. Space-based
surveillance sensors - if used in a LIMB-looking configuration - typically see cool
targets with low background irradiance levels. When the scene is a space background and
the targets are at relatively low temperatures, far infrared (FIR, 8 to 12 Jm) and very far
infrared (VFIR, >12 [tm) are wavelengths of choice. For airborne applications, the most
important wavebands are determined by the atmospheric transmission windows; these are
mid infrared (MIR, 3 to 5 [tm) and far infrared (8-12 Vm). Thus, a BMD requirement for
infrared detectors is wavelength flexibility from MIR to VFIR. In addition, the following
have been identified as equally important BMD requirements for a infrared sensor: high
sensitivity, high uniformity, large format, and multicolour capabilities.

Quantum well infrared photodetector (QWIP) is a relatively new candidate technology
for ballistic missile defence applications. It has become one of the most promising near-
term infrared technologies to meet the BMD requirements1 because of its wavelength
flexibility in MIR, FIR, and VFIR regions, as well as multicolour capabilities.

Canadian QWIP technology is based on monolithic integration of quantum well
infrared photodetector with a light emitting diode (QWIP-LED), and was pioneered by Dr.
H.C. Liu of Institute for Microstructural Sciences, National Research Council of Canada.
The program is supported mainly by two Canadian Defence Research Establishments,
Valcartier and Ottawa, and its goal is to realize a lx1 cm2 two-color QWIP-LED imaging
device by March 2001 and, eventually, to develop a very large format (up to 4X4 cm 2)
prototype imaging camera.

The operation of the QWIP-LED device is based on direct injection of carriers
photoexcited in the QWIP by mid or far infrared (M/FIR) radiation into the LED active
region and subsequent emission of near infrared (NIR) radiation (see Fig. 1). Thus, the
QWIP-LED operates as a converter of M/FIR to NIR light.

An important technological advantage of the QWIP-LED approach is that it allows
fabrication of large two-dimensional focal plane arrays (FPAs) with NIR output which can
be easily imaged by well developed devices such as Si CCDs. This approach eliminates the
need for hybrid integration of QWIP with a Si readout circuit - an approach taken by all
other QWIP research groups - and its associated thermal mismatch problems (particularly
for a very large FPA format).



QWIP LED

Fig. 1 Schematic diagram of band profile and physical
processes in a QWIP-LED.

A necessary condition for successful operation of the QWIP-LED device is a small
spatial smearing of the incoming M/FIR image in its transformation into the LED NIR
emission image. The spatial resolution of the device is determined by a number of factors.
These include lateral spreading of photocurrent in the QWIP (i.e., in-plane diffusion of
carriers injected into the LED) and lateral spreading of NIR photons emitted by the LED as
they escape from the QWIP-LED layers. The former was investigated by Ershov et al.3'4

and was shown to introduce negligible image distortion.

The goal of the present work is to investigate the latter factor, i.e., to determine major
device parameters influencing the NIR light lateral spread and the LED external efficiency,
and their impact on the image quality of the QWIP-LED device.

2. External Efficiency of the LED

In order to achieve high detector sensitivity, it is important to optimize the QWIP-LED
output, which depends on the external quantum efficiency (QE) of the integrated LED. The
internal QE of III-V double heterostructure LED can be well over 90% . However, this
high internal yield must be converted into useful external output. In general, the external
QE of LEDs is rather poor, typically only a few percent. The reason for this low output is
that the semiconductor refractive index is rather high (ni - 3.54 in GaAs), leading to a very
narrow escape cone for the isotropic spontaneous emission of NIR light from GaAs into air.



The 160 half cone angle imposed by Snell's Law covers a solid angle of only - (1/4n2)x4jr
steradians. For GaAs this translates into an external efficiency of -2%.

In order to maximize the LED external yield, Schnitzer et a. 6 has proposed and
realized an optically thin AlGaAs/GaAs/AIGaAs double heterostructure LED mounted on a
high reflectivity surface which showed impressive internal and external QEs of 99.7% and
72%, respectively. The 72% external efficiency was based on an optically pumped LED,
which eliminated the need for two additional heavily doped n+ and p÷ contact layers. For an
electrically pumped LED, the additional contact layers introduced free-carrier absorption
loss which resulted in a reduced external QE of -50%.

According to Schnitzer's model once a NIR photon is emitted in the LED active layer,
it can have one of several possible destinies: (a) It can escape through the escape cone at
the top of the double heterostructure; (b) it can be reabsorbed by the parasitic optical losses
in the structure (e.g., at the bottom reflector); (c) it can be reabsorbed in the LED active
layer and experience reincarnation as a photon. If the internal QE were high and if there
were no parasitic optical losses, the photon would be reincarnated many times, having a 2%
probability (for GaAs/Air interface) of finding the escape cone each time.

The key to Schnitzer's success lies in the recycling of reflected photons (i.e., photons
that are outside escape cone), and small nonradiative and parasitic optical losses.
According to the model 5 as much as 25 reincarnation events are required for most of the
LED emitted photons to escape. However, with multiple reflections and reincarnations of
the NIR photons, one runs into a different problem - that of the lateral spreading of
photons and the potential image distortion.

3. External Efficiency of QWIP-LED

In order to model the behavior of the NIR photons in the QWIP-LED layers, we have
adapted Schnitzer's model for our QWIP-LED structure (see Fig. 2). Our QWIP-LED
device is firstly bonded to a carrier substrate and subsequently thinned down from the back
to completely remove the original GaAs substrate by a combination of mechanical
polishing and wet etching techniques. The details of the substrate removal process will be
published elsewhere7 . The removal of the substrate is necessary to maximize the QWIP-
LED output and to operate the device in the so-called "transmissive mode" (i.e., the
incoming M/FIR light is incident on one side of the device and the resulting NIR image is
output at the other side as opposed to the "reflective mode," where both input and output
take place on a same side).

For our QWIP-LED structure, the top and bottom surfaces are coated with anti-
reflective (AR) coatings. The adapted model takes into account additional effects due to the
imperfect AR coatings and the optical glue needed for bonding the QWIP-LED onto the
carrier substrate. For our first prototype transmissive QWIP-LED camera, the NIR output
will be imaged by a CCD chip via a fiber optics faceplate. Thus, for the purpose of this
analysis we assume the carrier substrate to be a fiber faceplate with a numerical aperture
NA= 1.
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, Optical Glue, n=1.56 Output

: • 173.3" • /Escape

AIR

Fig. 2 Schematic of QWIP-LED layer structure showing NIR
emission and absorption/reem ission (rebirth) events.

Because of absorption the top coating (probably Fabry-Perot type or ITO film) will not
allow 100% transmission even at angles less than the critical angle 0 (= Arcsin(1.56/3.54)
= 250). Similarly for the multilayer bottom coating, the reflection will be less than 100%
within the 20, escape cone. Also, it is important to note that even though the light with an
incidence angle < 250 can escape from the sample, we will only be able to detect the rays
below ~170 because of the numerical aperture (NA = nopticglueSina = 1; see Fig. 2) of the
fiber optics faceplate. Our calculations take this effect into account and also includes the
transmission efficiency of the faceplate (typically 60%). Because of the finite NA of the
fibers we loose about a factor of 2 (= nopticglue 2) in the external efficiency, and almost a
factor of 4 if we include the transmission coefficient. This is why we should investigate the
solution for bonding the QWIP-LED directly onto the CCD chip.

4. QWIP-LED Model

Assuming isotropic emission, the 25' half angle cone represents only -9% [=
1/(2(ngaas/nopticglue) 2)] of the spontaneous radiation. We call this value Pe for escape
probability. Because of finite reflectivity of the top coating, the light emitted in this cone
can bounce back and forth between the two surfaces and will experience some additional
loss. Therefore, the actual escape probability Pe' within the 250 half cone is smaller than Pe.
In a single pass the attenuation of the trapped light (in the cone) is:
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a = exp(-aidi M-((1-int) + flint(1-pe)) -odo), (1)

where aidi is the parasitic absorption in all layers (mainly the contacts) except the LED,
a0do is the absorption of the LED active layer (-5000 cm-1), and rjin, is the internal QE of
the LED. In this expression 'rint(1-pe)aod0 represents the light which is absorbed again in
the LED during the multi-bounce process and re-emitted outside the cone. The second term
(1-71int)aodo represents a small portion of the light which is lost in the LED via nonradiative
processes.

The average escape probability p,' of the light inside the 2x25' cone is simply given by
a multi-bounce calculation:

+ L-.-{1?a 2 T'Ra 2 T'(1 -T'-A')Ra 2 + Ra 2 T'((l T'-A,)Ra 2)2 + }(2)
2

-Pe (1+ Ra2) T R
2 1 - (I_ - TA')R 2

where T' is the transmission coefficient of the top coating at small angles (< 250), A' is the
absorption of the top coating, and R is the reflection coefficient of the bottom coating at
small angles (above 160 there is a total internal reflection at the GaAs/Air interface). For
reasonable values of R(0.9 to 1.0), T'(0.9 to 1.0), A'(<0.1), and small values of a (aod0 up
to 0.2) Pe' is close to Pe.

Using the same analysis as Schnitzer, we calculate the external efficiency of the
substrate thinned transmissive QWIP-LED:

Sp e?7intaodo ,) (3)

Pe7ihtaodo + (-it )a0d0 + aidi + A + - sin4

where A is the absorption of the bottom coating above the critical angle. When taking into
account the fiber bundle faceplate, we multiply this expression by:

T fiberbunll e

i]ext fiberbundl e = 2 q ext (4)
n optcgue

where Tfiberbundle is the transmissive coefficient of the faceplate and nopticglue is the refractive
index of the glue.

5. 1-D Sequential Model for an Estimation of the Crosstalk

Our method is first to estimate a mean distance d between two absorption-reemission
events. Before carrying out this calculation we know that this distance should be close to
the inverse of the average LED absorption coefficient. For simplicity we assume that the
NIR photons of the initial pool (generation "0") created by the M/FIR light will travel only
in two directions: right and left (i.e., assuming a 1-D model). We then follow the number of
photons as they travel along the microcavity (see Fig. 2), experience re-incarnations in the

5



LED active layer, get absorbed in the contacts or imperfect mirrors, get lost in nonradiative
processes (flin,<l). .. etc. [We note that we are using a 1-D model as an approximation to the
2-D problem, where in reality NIR photons spread laterally in two dimensions within the
microcavity.]

Fig. 3 represents the evolution of the number of photons inside the cavity versus the
propagation distance. We want to calculate the mean propagation distance d that a photon
outside the escape cone will travel before it gets absorbed in the LED and re-emitted. To do
so we have to find an equivalent mean exponential decay of the number of photons over
several reincarnation events (see Fig. 3).

Nonradiative Escape cone
loss ,Ioss

'• 0 -(1-? • ) -rlint PC')

U,

Mean exponential decay 'y
ofrom all losses

SI-l

€0

f 0t t Propagation
Generation "0" Generation "1" Generation "2" Distance z

Fig. 3 Population of photons as they travel along the microcavity
from the original location of emission (Generation "0").

When N photons travel a distance dx , Na 0.'dx are absorbed by the LED, where at0 ' is
an mean absorption coefficient, ao'=aO(do/e), averaged over the total thickness e of the
QWIP-LED device. [Here we define a new absoption coefficient because in our QWIP-
LED structure, the LED layer is only a fraction of the total QWIP-LED thickness.] From
these absorbed photons, Nao'dx, (1-rint)NcaO'dx are lost in nonradiative processes,

irintNaO'dx are re-emitted as reincarnated photons, and pe'rlintNao'dx escape via the 25°

half angle cone. Thus, we again define a new absorption coefficient ao',distr for losses due to
the nonradiative processes and the photon escape via the 20c cone:

ao', distr = ((I-flint) +Pe'Tlint)acO'. (5)

At each bounce on a surface the light experiences some loss due to the imperfect AR
coatings. Tus, the reflection coefficient above the critical angle at the top coating is R'=I-
A' and at the bottom coating is R=1-A. Similarly, we can define an equivalent absorption
coefficient for these reflection losses:

6



S.log( R xR')]
RR '= e-'RRx =' a'. = -- X (6)RR x

where 0 [=(90°-Oc)/2] is the average angle of the rays outside the escape cone (see Fig. 2)
and x is defined to be the actual distance traveled by a photon as it departs from one
location in the LED active layer (birth place) to another location (in lateral direction) in the
same layer. This involves two reflections, one at the top coating and the other at the bottom
coating, and one single pass through the LED active layer. From a simple geometry x can
be shown to be equal to:

2e (7)

sin 0

Thus, the equivalent absorption coefficient due to the top and bottom coatings is:

a,- log[(1 - A)(1 - A')] (8)aRR = 2e /sin 0

Finally putting together all the absorption terms, we obtain the overall absorption
coefficient y for the trapped photons:

= - i + , ai d, log (I - A')(1- A) (9)Y flt '7int e e 2e/sin 0

Here y is the exponential constant of the decaying dashed line shown in Fig. 3. We can
therefore derive another expression for the QWIP-LED external efficiency by summing all
the photons emitted via the escape cone at each multiple distance of d, where d is the mean
distance between re-incarnations:

,P +e-• e-2)d 1 , 1

qext e 1 +e Pe - d (10)

From this we derive d:

d = .(11)

We note that the flext expression is a discrete approximation to a continuous emission
profile of NIR light. Its result may not be as accurate as that of the expression derived in
Sec. 4. However, it does serve the purpose of estimating the lateral spread of photons as
they experiece a chain of reincarnation events.

With non-absorbing coatings (A,A'=0) and for large external efficiencies the distance d
is indeed about (e/do)/ao as we expected. Then , it is straight forward to estimate the
crosstalk. At each absorption-emission we say that 50% of photons goes to the left and
50% to the right. And from one emission event to the next absorption event we lose
1-exp(-yd) of trapped photons (see Fig. 3). Therefore from an initial pool of NIR photons

7



at z=O (where z is the lateral propagation distance), generated by the M/FIR light via
wavelength up-conversion, we can draw a photon propagation tree by following the
population of trapped photons at each reincarnation event (see Fig. 4).

G, :neration #

5- b5 5b5 5 5 5b5 b5
4_ .... 374•.. j 61K J1• 3-~" b0.. ,3b.... t,,3b 5 8

2- b.. 6 2b.. 4 b 3

1 _b b

-4d -3d -2d -d 0 d 2d 3d 4d Distance

Emission profile

Fig. 4 Photon propagation tree showing different generations of photon reincarnations as a
function of lateral propagation distance z.

The propagation tree shows how photons are distributed over the distance away from
the "0-generation" position. The propagation distance z is expressed in units of d, the mean
distance between reincarnations. The coefficient b represents the portion of the trapped
photons that are left from the previous absorption/reemission event before another
reincarnation event takes place; and it is equal to:

1 -__ 1 Pe_

b=- -yd =- Pej. (12)2 2 77 ext

Thus, at z=0 the emission is equal to:

I(Z=0) =pe'{1 + 2b2 + 6b4 + 20b6 + 70b8 +....}. (13)

At z=d the emission is equal to:

I(z=d) =pe'b{1 + 3b2 + 10b4 + 35b6 +....}. (14)

At z=2d the emission is equal to:

I(z=2d) =pe'b2{1 + 4b2 + 15b4 + 56b6 
+....}. (15)
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Assuming that the terms between the brackets { } do not change too quickly with z, we
clearly see that the emission profile has an exponential behaviour.

Small external efficiencies:

When b is small (<<0.5), i.e. when the external effciency is not very large, the brackets
{ } are close to unity, and therefore the exponential is decreasing by a factor of b for every d

distance. In this case the resolution will be better than 2d. The exponential constant, I3, of
the decaying emission profile (see Fig. 4) is such that:

-13d = log(O.5exp (- yd))= -log 2+log 1- Pe (16)

rext

And since the crosstalk is:

2 cos(0) log(2) (17)
Resolution- 17

/3

we deduce that:

-log 1 _ Pe
Resolution = 2 cos 0 log 21 ?7ext (18)/ , "

Y log 2-log 1- Pe

r7ext

Large external efficiencies:

On the other hand if the external efficiency is very high, b converges to 0.5 and the
terms in the brackets become important. The exponential constant P3 converges to
1/(4.842xd) and the resolution becomes:

Resolution = 2x4.84xcos0xlog 2xd. (19)

With the optical glue, 0 = 320 and the crosstalk is
e

Resolution = 5.67 x . (20)
ad

0 0

General case:

In our simulations we calculated the emission profile up to z=5d and fit it with an

exponential decay 13. The ratio 1/13d is plotted against the ratio Tlext/Pe' (see Fig. 5). Since
the coeffcient 2xlog2xcos0 is close to 1, this plot gives us the approximate crosstalk. We
know that the distance d is roughly the inverse of the averaged LED absorption coeffcient

9



d=e/(caodo). We see that the small external efficiency approximation is valid up to
flext=2 xpe' only.

exact solution

4 ---- approximation for small external efficiencies

3

2

0
10 20 30 40 50

1 ext/Pe'

Fig. 5 The 1/pd is plotted against rlext/pe' showing that small flext approximation is valid up
to 7lext= 2 Pe'.

6. Numerical Applications

We calculated the external efficiency flextfiberbundle of the QWIP-LED bonded to the
fiber bundle faceplate, the mean distance d between re-incarnations events, the effective
escape probability Pe', and the image resolution of the QWIP-LED as a function of the
absorption a0 d0 in the LED active layer and the parasitic absorption acd, in the contact
layers. The results are plotted in Figs. 6 to 10 for various scenarios. Using a LED
absorption coefficient ao = 5x10 3 cm 1 as suggested by Schnitzer 5, then a0 d0 = 0.1 would
mean that the active layer is 2000 A thick. The total QWIP-LED thickness e is -3.3 Jim as
it was designed for our first transmissive QWP-LED device.

Ideal transmissive OWIP-LED:

Suppose that the internal efficiency rli,t is 100% and that both the coatings are perfect,
then we could achieve an external efficiency of about 17% with a 6000 A thick active layer
and a 1% contact absorption (see Fig. 6). The crosstalk would be about 30 lpm, which is the
maximum we can afford (since the pseudo pixel size will be about 30 Jim). We clearly see
that the thickness of the LED active layer is playing a major role in reducing the crosstalk;

10



however, the diffusion length of the carriers in the LED (jim range) is an upperbound we
should avoid. This is why we did not use a thickness above 6000 A.

Thin LED active layer means poor rl•x, and a huge crosstalk:

In the case of a thin LED active layer (200 to 1000 A,), the average absorption
coefficient of the LED a0 '=aod0/e is smaller than (1/pe)acidi; as a result the external
efficiency is strongly reduced (see Fig. 7). Moreover, the mean distance between re-
incarnations events (which scales with l/a 0 ') is very large and the crosstalk can be as bad
as few hundreds of microns.

Influence of absorbing coatings - do not use Fabry-Perot filters!

The top AR coating as first designed by our Thin Films Group was a Ag/Si/Ag/Si
Fabry-Perot filter. This type of coating could achieve a good transmission at near-infrared
wavelengths and a high reflectance in the mid-infrared. However, the 80% transmission did
not mean that 20% was reflected back and re-used in the microcavity. As a manner of fact,
above the critical angle 0, (-25°) the transmission was null but the reflectance was only
80% percent. The remaining 20% was lost in the Ag mirrors. This additionnal loss is
detrimental to achieving a high external efficiency (see Fig. 8). It does, however, reduce the
crosstalk, but only at the expense of the external efficiency. We are presently investigating
other types of coatings such as Indium-Tin-Oxide (ITO) films. These are electrically
conducting transparent coatings often used in flat panel display applications. They are
transparent in the near-infrared but have a metallic behaviour in the mid infrared.

Tolerance on non-absorbing coatings:

Next, we carried out our calculations assuming a 70% transmissive top coating and a
70% reflective bottom coating (see Fig. 9). If the coatings were not absorbing, the effect
was shown to be quite negligible compared to the perfect coating case (see Fig. 6). We got
a slightly reduced effective escape probability but the overall effect was almost negligible.

More realistic rli values and coatings:

Using a more pessimistic value of 95% for the internal efficiency and 80% R and T'
coatings and assuming again non-absorbing top and bottom coatings, we found that the
external efficiency was significantly reduced down to -10 % level (see Fig.10). This shows
how sensitive the overall device performance is to the internal efficiency of the LED. With
additional losses in the coatings, the external yield quickly drops to only a few %.
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Fig. 6 Perfect coatings: qint = 0.999, thick LED (2000 to 6000
A), T 1 (00 to 0), A' = 0 (00 to 900), R = 1 (00 to 170),

A = 0 (00 to 900).
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EXTERNAL EFFECIENCY MEAN DISTANCE between

0.2(NA =1) 0.2reincarnation events [[rn]

F0.1 1500

0-08 0.015
S1000

0.01 0,04 0.01 500

0.02

0 .005 0.mo . . ................. .o

0.0 0.02 0.03 0.04 0.05 0.01 0,02 0.03 0,04. 0.05

RESOLUTION FWHM [[rn] ESCAPE PROBABILITY
-p Q00.00. 04

0.0895

0.015 0.01 X
12000075

50 0.087

0.0050
0.01l 0,02 0.03 0,04 0.05

taod0 } in the LED

Fig. 7 Thin LED (200 to 1000 A), int = 0.999, T' =1 (00 to
0c), A' =0 (00 to 900), R 1 1(00 to 170), and A = 0 (00 to
900).
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Fig. 8 Bad top coating: Flin t = 0.999, T' = 0.8 (0,, to 0), A'
0.12 (00 to 900), R = 1 (00 to 170), and A = 0 (00 to 900).
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Fig. 9 Imperfect coatings: ruint = 0.999, T' = 0.7 (00 to 0c), A'

0 (00 to 90o), R =0.7 (00 to 170), and A = 0 (00 to 900).
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Fig. 10 Pessimistic case: Tint = 0.95, T' = 0.8 (00 to 0c), A' = 0
(00 to 900), R = 0.8 (00 to 170), and A = 0 (00 to 900).
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7. Conclusions

We have studied the major device parameters influencing the NIR light lateral spread
and the LED external efficiency of a QWIP-LED imaging device based on Schnitzer's
LED model. The originality of this work was to try to estimate the crosstalk between
M/FIR and NIR images. We found that the crosstalk is difficult to avoid and that the
solution involves increasing the LED active region. However, the carrier diffusion length
limits the maximum LED thickness to -6000 A. With a 1% absorption loss due the
contacts, we expect a crosstalk to be around 30 [tm and an external efficiency to be 10-
15%. To further improve the external efficiency of these devices, we will most likely have
to seriously consider bonding the QWIP-LED directly onto a CCD chip. Since the index of
refraction of the CCD is very close to that of the LED, the escape cone will be significantly
wider (-140'), allowing as much as 75-80% of the NIR light to escape at each emission
event. This will not only drastically improve the external efficiency (up to 70-80%) but also
will considerably reduce the crosstalk. The direct bonding option is presently being
investigated by our research group as well as by CAL corporation as a part of a separate
contract work.
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